A balance in the activities of the Ipl1 Aurora kinase and the Glc7 phosphatase is essential for normal chromosome segregation in yeast. We report here that this balance is modulated by the Set1 methyltransferase. Deletion of SET1 suppresses chromosome loss in ipl1-2 cells. Conversely, combination of SET1 and GLC7 mutations is lethal. Strikingly, these effects are independent of previously defined functions for Set1 in transcription initiation and histone H3 methylation. We find that Set1 is required for methylation of conserved lysines in a kinetochore protein, Dam1. Biochemical and genetic experiments indicate that Dam1 methylation inhibits Ipl1-mediated phosphorylation of flanking serines. Our studies demonstrate that Set1 has important, unexpected functions in mitosis. Moreover, our findings suggest that antagonism between lysine methylation and serine phosphorylation is a fundamental mechanism for controlling protein function.
Introduction
Proper chromosome segregation requires that centromeres of sister chromatids be attached to microtubules emanating from opposite spindle poles. These attachments are mediated by kinetochores, which are assembled from at least 60 different proteins in S. cerevisiae (Cheeseman et al., 2002a (Cheeseman et al., , 2002b Westermann et al., 2005) . Interactions among these proteins and between kinetochores and microtubules are highly dynamic, in part to allow resolution of improper monopolar sister chromatid attachments and reformation of proper bipolar attachments (Ducat and Zheng, 2004 Aurora kinases play a key role in the organization of the kinetochore and are essential for normal chromosome segregation in all organisms from yeast to humans (Ducat and Zheng, 2004) . Chromosome loss and aberrant centrosome replication occur in cells that exhibit abnormal Aurora kinase expression. Overexpression of Aurora A or Aurora B is often observed in colorectal cancers and in several cancer cell lines (Meraldi et al., 2004) , highlighting the importance of Aurora kinase regulation to genome stability and tumor suppression.
Ipl1 is the only member of this highly conserved kinase family in S. cerevisiae. Deletion of IPL1 is lethal and ipl1 point mutations lead to abnormal chromosome segregation and aneuploidy (Chan and Botstein, 1993; Ipl1 and Glc7 regulate the phosphorylation of histone H3 at serine 10 (S10) . H3 S10 mutations have no mitotic consequence in S. cerevisiae, but S10 phosphorylation serves as a mitotic marker in many organisms (Crosio et We report here that deletion of SET1 suppresses the abnormal chromosome segregation normally observed in cells bearing a temperature sensitive ipl1 mutation. Surprisingly, this suppression is not linked to methylation of H3 and is mimicked only partially by mutation of H3 K4. Suppression of ipl1 is not observed upon loss of Paf1 or mutation of H2B K123, indicating that Set1 has unanticipated and important functions during mitosis that are independent of its roles in transcription initiation and early elongation. Our experiments indicate that Set1 methylates Dam1 and that a proper balance of Dam1 methylation and phosphorylation is critical for normal chromosome segregation and cell viability.
Results

Mutation of SET1 Suppresses the TemperatureSensitive Phenotype of ipl1-2
To determine if the functions of the Set1 methyltransferase and the Ipl1 kinase are linked in vivo, we combined a deletion of SET1 with ipl1-2, a well-characterized temperature-sensitive allele of IPL1 (Chan and Botstein, 1993; . ipl1-2 cells are viable at 25°C but exhibit defective growth from 30°C to 32.5°C and are not viable at higher temperatures (Figure 1) . Deletion of SET1 alone does not affect cell growth at 32.5°C or 34°C ( Figure 1A) . Remarkably, deletion of SET1 greatly improves growth of ipl1-2 cells at 30°C and 32.5°C ( Figure 1A) . Analysis of 10-fold serial dilutions in a plate spot assay indicates that set1D ipl1-2 cells grow at least 100 times better than ipl1-2 single mutants at these elevated temperatures. Importantly, the double mutant cells do not survive at 34°C or higher temperatures, indicating that loss of Set1 suppresses some defective Ipl1 functions but does not bypass the need for Ipl1.
The suppression of ipl1-2 observed in set1D cells might reflect the loss of Set1 catalytic activity or compromised integrity of the COMPASS complex (Krogan et al., 2002) in the absence of Set1. To distinguish these possibilities, we mutated G951 in Set1 to S. The G951S mutation severely reduces Set1 catalytic activity without influencing COMPASS integrity (Nagy et al., 2002) . We found that this mutation suppresses the temperature sensitivity of ipl1-2 at 30°C and 32.5°C ( Figure  1B) . Therefore, loss of Set1 methyltransferase activity is sufficient for suppression of ipl1-2.
Chromosome Loss in ipl1-2 Cells Is Suppressed by SET1 Deletion To determine whether loss of SET1 suppresses the high frequency of chromosome loss observed in ipl1-2 cells (Chan and Botstein, 1993; , we compared the stability of a nonessential marker chromosome carrying the SUP11 suppressor tRNA in isogenic wild-type, set1D, ipl1-2, and set1D ipl1-2 cells. Suppression of chromosomal ade2 mutations by SUP11 yields white colonies, whereas loss of the minichromosome yields red colonies (Hieter et al., 1985) . Increased chromosome loss is thus measured as an increase in the appearance of red or sectored colonies.
As expected, chromosome loss occurred at very low frequencies (4/1000) in wild-type cells but was elevated more than 10-fold (70/1000) in ipl1-2 cells, even at 25°C ( Figure 1C) . Deletion of SET1 alone did not affect chromosome stability (3/1000), but it significantly suppressed chromosome loss in ipl1-2 mutant cells (12/ 1000 or 5/1000; two independent isolates shown in Figure 1C) . These data indicate that Set1 normally antagonizes Ipl1 functions in chromosome segregation.
Deletion of SET1 Is Lethal in the Presence of glc7 Mutations
To determine if deletion of SET1 affects phosphorylation events that are regulated by the Glc7 phosphatase, we attempted to delete SET1 in haploid cells harboring the glc7-127 allele, which selectively affects nuclear functions of Glc7, including the dephosphorylation of Ipl1 substrates (Bloecher and Tatchell, 1999; Hsu et al., 2000) . However, we never recovered glc7-127 set1D double mutants. To determine if this combination of mutations is lethal, we disrupted SET1 in glc7 cells or isogenic wild-type cells that carried an exogenous, wild-type copy of GLC7 on a URA3 marked plasmid. After confirming the deletion of SET1, we plated cells on media containing 5-FOA to select colonies that had evicted the URA3-GLC7 plasmid. However, glc7-127 set1D double mutants were unable to grow in the absence of the wild-type, plasmid-borne GLC7 gene, suggesting that combination of set1D and glc7 mutations is lethal ( Figure 2B ).
Sds22 is an essential, nuclear Glc7 binding protein (Hong et al., 2000; Peggie et al., 2002) . Temperaturesensitive sds22 mutants exhibit a high rate of chromosome loss and partially suppress the temperature sensitivity of ipl1-2. To further confirm that Set1 is influencing or cooperating with the nuclear functions of Glc7, we deleted SET1 in cells bearing a point mutation in SDS22. Again, we were not able to directly recover sds22-6 set1D double mutants, so we deleted SET1 in sds22-6 mutant cells that carried an extra copy of GLC7 on a URA3-marked plasmid as above, which suppresses the temperature-sensitive sds22-6 mutant phenotype ( Figure 2C, bottom panel) . Although we defined multiple isolates of sds22-6 set1D cells in the presence of the URA3-GLC7 plasmid, these double mutants exhibited enhanced temperature sensitivity at 30°C and 33°C upon loss of the plasmid (in the presence of 5-FOA; top panel, Figure 2C ).
Collectively, our data indicate that Set1 opposes Ipl1 functions or enhances the functions of Glc7-Sds22. In either case, these findings predict that the ipl1-2 mutation should rescue the synthetic lethality of glc7-127 set1D double mutants. Indeed, ipl1-2 glc7-127 set1D triple-mutant cells are viable, and they exhibit significant improvement of growth at 32.5°C relative to ipl1-2 single mutants ( Figure 2D ). Thus, the lethality of glc7-127 set1D cells is due to an alteration in the balance of Ipl1 and Glc7 functions upon loss of Set1.
Deletion of Other COMPASS Components Suppress ipl1-2
To determine whether the effects of Set1 on Ipl1 function are mediated within the context of the COMPASS complex, we asked whether deletion of four other COMPASS components also suppresses the temperature sensitivity of ipl1-2 cells. Deletion of BRE2, SWD1, and SDC1 (but not SPP1) suppressed the ipl1-2 phenotype at 30°C (data not shown) and 32.5°C ( Figure 3A ) but could not rescue the lethality of ipl1-2 at higher temperatures (data not shown). Since ipl1-2 suppression is observed upon mutation of three of the four COMPASS subunits tested, Set1 likely acts within COMPASS to modulate Ipl1 or Glc7 functions.
Set1 Functions in Mitosis Are Independent of Its Role in Transcription Initiation and Early Elongation
Set1 may directly participate in the switch from transcription initiation to elongation, since it associates with a specific phosphorylated isoform of the C-terminal domain of the largest subunit of RNA pol II via the However, no significant differences in IPL1, ipl1-2, or GLC7 RNA levels were detected in set1D cells relative to wild-type cells (see Figures S1A and S1B in the Supplemental Data available with this article online). Ipl1 protein levels were also unchanged upon loss of SET1 ( Figure S1C ). Collectively, these data indicate that loss of Set1 does not affect expression of either IPL1 or GLC7.
If the suppression of ipl1-2 by set1D reflects some undefined alteration in gene expression, then deletion of PAF1 should have a similar effect, as this mutation eliminates Set1 association with RNA pol II (Tenney and Shilatifard, 2005) . However, ipl1-2 paf1D double mutants exhibit temperature sensitivity and growth defects worse than those of the ipl1-2 single mutants (Figure 3A) . Paf1 also stabilizes recruitment of Rad6 to promoters and 5# coding regions for the ubiquitylation of H2B at K123 (Tenney and Shilatifard, 2005). Mutation of H2B K123 to arginine (R) abrogates COMPASS recruitment and H3 K4 dimethylation (Sun and Allis, 2002) but does not suppress the temperature sensitivity of ipl1-2 at 32.5°C ( Figure 3B) . Importantly, the lack of suppression of ipl1-2 by paf1D or the H2B K123R mutation demonstrates that ipl1-2 suppression upon deletion of SET1 is independent of Set1 functions in transcription initiation and early elongation.
Deletion of SET1 Does Not Influence H3 S10 Phosphorylation Although deletion of SET1 does not affect the expression of IPL1 or GLC7, it might affect the activity of these enzymes in vivo. Phosphorylation of H3 S10 is decreased in ipl1-2 mutant cells and increased in glc7 mutant cells (Hsu et al., 2000; Figure S2A ). H3 S10 phosphorylation is not changed upon deletion of SET1 and is not recovered in set1D ipl1-2 double mutants ( Figure  S2A ). Therefore, Set1 does not influence global levels of S10 phosphorylation in H3 by Ipl1.
Suppression of ipl1-2 Is Not Linked to Dimethylation of H3 K4
Although deletion of PAF1, mutation of H2B K123, and deletion of SET1 all greatly diminish H3 K4 dimethyla- Figure 3D ). These observations suggest that dimethylation of K4 in H3 is not related to modulation of Ipl1 functions by Set1 and COMPASS. To determine more directly whether H3 K4 is involved in either the suppression of ipl1-2 by set1D or the synthetic lethality caused by combination of glc7-127 and set1D, we combined an H3 K4R mutation with the ipl1-2 or glc7-127 alleles. A plasmid bearing the H3 K4R mutation was introduced to cells in which both chromosomal copies of H3 and H4 genes were disrupted, such that the plasmid-borne genes provide the only source of these histones (Zhang et al., 1998) . We then compared the growth and temperature sensitivity of cells bearing wild-type H3 or the K4R mutation in the presence or absence of the glc7-127 or ipl1-2 alleles.
Combination of the H3 K4R mutation with the glc7-127 mutation is not lethal (Figure 3C ). The survival of these double-mutant cells demonstrates that loss of H3 K4 methylation is not the cause of the lethality observed above in set1D glc7-127 double mutants.
The H3 K4R mutation did suppress ipl1-2 (Figure 3C ), allowing improvement of growth at 32.5°C. However, this suppression was noticeably (10-to 100-fold) weaker than that observed in isogenic set1D ipl1-2 cells. Interestingly, an even weaker suppression was observed in triple mutant H3 K4R ipl1-2 set1D cells at 32.5°C ( Figure S3 ). These results suggest that loss of H3 K4 may antagonize, rather than mimic, the effects of Set1 loss on Ipl1 functions. Alternatively, the weak growth of the triple mutants at 32.5°C might reflect loss of several unrelated functions of Ipl1, Set1, and H3 K4.
Collectively, the viability of the H3 K4R glc7-127 cells, the weak suppression of ipl1-2 by the H3 K4R mutation, and the lack of a correlation between the effects mutations in different COMPASS subunits on H3 K4 methylation and ipl1-2 suppression suggest that methylation of substrate(s) other than H3 by Set1 influences Glc7 and Ipl1 functions at the kinetochore.
Conserved Lysines in Dam1 Are Linked to Ipl1 Functions
Dam1 is a prime candidate for a nonhistone substrate of Set1 since previous studies revealed that multiple mutations in Dam1 phosphorylation sites give rise to phenotypes similar to those of the ipl1-2 mutation Strikingly, only two Dam1 lysine mutations exhibited defective growth, K194A and K233A (Figure 5) , and only these same two mutations suppressed ipl1-2. The dam1 K194A allele was temperature sensitive and inviable at 37°C ( Figure 5A ). However, this mutation suppressed the temperature sensitivity of ipl1-2 cells at 30°C, mimicking the effects of SET1 deletion on the ipl1-2 phenotype. No significant enhancement of suppression was observed upon combination of the dam1 K194A mutation with deletion of SET1 in ipl1-2 cells, indicating that suppression by both mutations occurs through a common pathway ( Figure S4 ).
An even more severe phenotype was observed for the K233A dam1 mutation, which is lethal. Sporulation of diploid cells heterozygous for the K233A allele yielded only two viable spores per tetrad ( Figure 5B , upper panel), and DNA sequencing confirmed that these live cells carried wild-type DAM1 (data not shown). Strikingly, the lethality of the dam1 K233A mutation is rescued in the presence of the ipl1-2 allele (Figure 5B, lower panel) . Moreover, growth of ipl1-2 cells carrying the dam1 K233A mutation is improved at 30°C to an extent similar to that observed upon deletion of SET1. The cross-suppression of the dam1 K233A and ipl1-2 mutants demonstrates not only that the K233A mutant Dam1 protein is expressed but also that K233 has strong functional connections with Ipl1. Combination of both the dam1 K233A mutation with deletion of SET1 in ipl1-2 cells did not further suppress the ipl1-2 phenotype at 32.5°C, indicating that the DAM1 and SET1 mutations affect Ipl1 functions through a common pathway. Moreover, mutation of Dam1 K233 to R or Q is not lethal (data not shown), and the K233Q DAM1 mutation also suppresses ipl1-2 (data not shown).
Dam1 Is Methylated In Vivo at K233
We focused additional studies on Dam1 K233 since the K233A mutation had a more severe phenotype than the K194A mutation. If Set1 methylates K233 in Dam1, then Dam1 should interact physically with Set1 and methylation of Dam1 should be altered in set1D cells. Immunoprecipitation of HA-tagged Dam1 from cells that also expressed a myc-tagged allele of Set1 (Schramke et al., 2001 ) confirmed that these proteins interact in vivo ( Figure 5C ). To determine if K233 is methylated in vivo, we raised an antibody to a peptide corresponding to amino acids 222-236 in Dam1 (Figure 4) containing dimethyl lysine at the position of K233. Peptide dot blots confirm that this antiserum is highly specific for the dimethylated Dam1 peptide ( Figure 5D, upper panel) , although some reactivity was also observed toward a trimethylated peptide. We used this antibody to probe blots of HA-Dam1 immunoprecipitated from wild-type, To determine if the genetic interactions between Dam1 K233 and Ipl1 observed above might reflect changes in the phosphorylation of these flanking serines in vivo, we combined the K233A mutation with substitution mutations at these sites. We mutated each serine to alanine to mimic the nonphosphorylated state and to aspartate (D) to mimic the phosphorylated state.
Individual mutations at S232 or S234 in DAM1 to either A or D had no effect on cell growth or viability ( Figure 6C) . Strikingly, the S232A and S234A mutations rescued the lethality of the K233A mutation, but the S232D and S234D mutations did not. Mutation of two serines previously identified as Ipl1 targets, S257 and S265 (Cheeseman et al., 2002a) , to A or D also did not rescue lethality of the K233A mutation. These data suggest that loss of K233 (or loss of methylation at this site) is specifically compensated by neutral charges provided by the flanking S232A or S234A mutations. These results are also consistent with the suppression of K233A by ipl1-2 observed above and suggest that K233 methylation might normally be required to limit phosphorylation of these sites by Ipl1.
Interestingly, the S235A DAM1 mutation is lethal, whereas the S235D mutation is not, indicating that phosphorylation of S235 may be essential for Dam1 functions ( Figure 6C) . S235A is the first single-serine mutation in Dam1 to cause a lethal phenotype. Remarkably, the S235A allele is viable in combination with the K233A mutation. These two lethal mutations suppress one another. The S235D allele also rescues the lethality of the K233A mutation, The above data suggest that loss of negative charge at S235 and likely loss of phosphorylation is lethal only when K233 is present and available for methylation. Indeed, the lethality of the S235A mutation in DAM1 is also suppressed by deletion of SET1 (Figure 6C ), further demonstrating a connection between S235 functions and methylation. Collectively, the suppression of the lethality of K233A by ipl1-2 and the suppression of S235A by set1D, together with the genetic interactions between the K233A mutation and the S232A, S234A, and S235A mutations and our in vitro kinase assays, indicate that levels of Ipl1 phosphorylation of S232, S234, or S235 are fine-tuned by Set1 methylation at K233. However, our data demonstrate that deletion of PAF1 or mutation of H2B K123 cannot suppress ipl1-2. Therefore, the suppression of ipl1-2 upon deletion of SET1 is independent of COMPASS functions in transcription initiation and early elongation.
Discussion
Prior to our studies, H3 K4 was the only known substrate of Set1. However, loss of H3 K4 methylation is not likely the molecular basis for the genetic interactions between SET1, IPL1, and GLC7 that we observe. First, mutations in SET1, PAF1, or H2B K123 all globally diminish H3 K4 methylation (Tenney and Shilatifard, 2005 ), yet only SET1 deletion suppresses ipl1-2. Second, we found no correlation between the effects of deletion of other COMPASS components on H3 K4 methylation (Krogan et al., 2002 ) and suppression of ipl1-2 (Figure 3) . Third, mutation of H3 K4 to R suppresses ipl1-2 more weakly than does deletion or mutation of SET1, and the H3 K4R mutation is not synthetic lethal with glc7-127. Figure 7) . Several previous findings that indicate a balance in the phosphorylation and dephosphorylation of IPL1 and GLC7 substrates is essential for normal cell growth and chromosome segregation . Our results strongly suggest that the region between K194 and S235 is a critical module in Dam1 that is regulated by both phosphorylation and methylation.
Cycles of phosphorylation and dephosphorylation of Dam1 and other kinetochore proteins allow resolution Interestingly, deletion of SET1 is not lethal, but mutation of K233 to A in Dam1 causes cell death. Mutation of K194 in Dam1 also causes a temperature-sensitive phenotype that is not observed in set1D cells. These differences in phenotype suggest either that K194 and K233 in Dam1 play roles in limiting Ipl1 functions that are independent of methylation or that these residues are subject to modification by additional enzymes. K233 and K194 might be methylated by another methyltransferase or even subject to acetylation or ubiquitylation.
Deletion of SET1 was reported previously to suppress mutations in several DNA-repair checkpoint genes, and Set1 interacts physically with Mec3 (Corda et al., 1999) 
Experimental Procedures
Strains and Growth Conditions
Yeast strains used in this study are listed in Table S1 , and details of strain constructions are provided in the Supplemental Experimental Procedures. Yeast were propagated according to standard procedures either in rich media (YPD) or in appropriate selective media (SC).
Plasmid Construction and Mutagenesis
The entire coding sequence of DAM1 was cloned into BamHI and XhoI sites of pRS406 (Sikorski and Hieter, 1989) . Site-directed mutations in DAM1 were constructed using Quickchange protocols (Stratagene) and the DAM1-pRS406 plasmid. The glc7-127 allele was also cloned into pRS406 using a PCR fragment templated with genomic DNA extracted from the KT1640 strain. The wild-type GLC7 plasmid used in the experiments shown in Figures 2A and 2B was described previously (Wu and Tatchell, 2001 ).
Full length SET1 was cloned into NotI and XhoI sites of pRS406 to generate SET1-pRS406. G951S-pRS406 was also constructed using Quickchange protocols (Stratagene) and the plasmid SET1-pRS406. 
Peptide Synthesis and Generation of
Immunoprecipitation of Dam1 and Immunoblot
Using Anti-Dimethyl Dam1 K233 Serum Cell extracts were prepared from 500 ml of cells grown in YPD to an OD 600 of 0.8. Cells were collected by centrifugation, washed two times with water, and resuspended in 5 ml lysis buffer (50 mM Tris 8.0, 150 mM Nacl, 1% NP40) with proteinase inhibitors. The resuspension was flash frozen in liquid nitrogen and ground into powders in a coffee mill with dry ice. After thawing at 4°C, cellular debris was pelleted by centrifugation at 5000 × g for 15 min. The supernatant was then preclarified by incubating with100 l protein A agarose (Upstate Biotech) at 4°C for 1 hr. HA-Dam1 was then immunoprecipitated using 200 l HA affinity matrix (Roche) at 4°C for 4 hr. The HA affinity matrix was collected and washed three times with lysis buffer and then resuspended in 100 l lysis buffer with SDS-PAGE loading dye. Proteins were resolved by 12% SDS-PAGE, transferred to Immun-Blot PVDF membrane (Bio-Rad), blocked for 1 hr with Tris-buffered saline/0.05% Tween 20 containing 5% nonfat milk, followed by 1 hr incubation with anti-dimethyl Dam1 K233 serum at a final dilution of 1/5000. After incubation with anti-rabbit horseradish peroxidase-conjugated secondary antibodies (Amersham Biosicence), bands were detected using the Pierce Supersignal Westpico Chemiluminescence system.
Protein Kinase Assays
Kinase assays were conducted as described previously (Li et al., 2002) using an S6 kinase assay kit procedure (Upstate Biotechnology). 
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